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s TECHNG@AL -MEMORANDUM NO. 1109

FLOW INVESTIGA‘I‘ION WITH THE AID OF THE ULTRAMICROSCOPEJ'

" By G. Vogelpohl end D. Mannesmann .
sumvm o

On" the basis of photogre.phlc plctures the laminar flow at a plpe in—
let was measured and compared with other measurements and computational
results. The test setup is described in'detail, and a series of the
pictures obtained for turbulent flow is given. .

" INTRODUCTION

The ultramicroscope has been adopted by Fage and Townend (reference
1) as an aid in flow investigation. The method has further -been developed
and refined so that flow photographs are obtained from which nmeasurable
resulte can be derived. : S Ce

OBSERVATTON PROCEDURE

Flows can, in general, be rendered visible only by introducing. .
foreign bodies “in the fluid, ‘the experimental difficulties varying with
the nature of these bodies and that of the flow. Very rapid or very. slqw
procesees ‘are- dlfficult Lo follow, but the greatest dlffioultiee are, en-;...
countered in investigating the fine stricture of the flow processes.. . ..
In this comnection Fage .snd Townend. present a simple and. widely appl:u L
cable as well as. reliable method' “nemely, ‘that of rendering visible the
very fine particles®contained in the water by dark field illummatlon.l o
Such particles, even after the most careful purification of the water, -
always. remain in sufficlently large.mmber. . They are not-wvisible in-ordi-

nary - light ,just as the dqust particles. cantained_ in the air which. only
becoms visible in-a thin- ray of sunlight admitte ,'into a dark TOOM,, .
"'e‘uaseume& that

‘v

J*”S’bronmngeunte:\:'aauchung mit dem Ultramikroskop - Forschung duf” dem
Gebiete d.ee Ingenieurweeens, vOl. 8 pt. 1, Ja.n.-Feb 1937, R 1;2—1&{. .
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they carry out ﬁhe same motibn as_théf'of the‘éurroundiﬁg Afluid.l
DESCRIPTION OF THE TEST SETUP

Figure 1 shows the comstruction of the test setup. From the arc lamp
a the light passes through the condenser b, - the cylindrical lens ¢
and the adjustable slit d into the illumination objective e which at
the point of the pipe to be investigated f produces, as an image of the
8lit, a thin beam of light of accurately measurable thickness. AL right
angles to it the image is observed by the microscope g. Instead of the
usual tube the microscope has a U-shaped base so that the ray path can be
modified by a rotating lens disk h. In this way the motion in the
dlrection of the pipe axis cen with a suitable rotational spued be bal-
anced out 8o that the particles are seen at rest in the ocular and the
deviations from the axial veloc1ty, which are of 1mpo;tance for turbu-
lence investigations, can be studied. In this manner, too, the velocity
itself can be determined from the rotational speed without the need for
introducing a measuring apparatus which disturbs the flow. Fage and
Townend use a rotating objective instead Of the lems disk.,

The magniflcations lie at about 20 to 50 and in exceptlonal cases
100 to 150 tlmes ‘are possible. With the vater at rest there is obtained

~the impress;on of ooserving a starry sky. Small- particles carry out ‘the

Brownian movement, thus leading to’ the supposition of orders of magnltude
below 1 . With the fluid in motion there are seen the pictures of -
figores Pa to 2h.

MEASURING SETUP FOR ROUND PIPE

Since: the dlroctlons of 1111minatlon and observatlon are. ab right
angles to each other, Page and Towvnend use chiefly a square metal pipe
in which W;ndows are mounted.M In these tests 1t was not posulbla, how- -
ever, to obtaln A transition. from ise mefalto the glass wall as free from. .
disturbance, as was de51rablc, also, the: smoothness of the draﬂn.brass Sy
pipe. dlfferad qppreciably from that .of the glass plate. Hence, in order .
to ayoid every.d;sturoance the round glass pipe was used for the further .
tests. : : : : :

LR
d

The cyllndrlcal surfaces diﬂ ‘ot dlrectly arord an observatlon be- |
causey aside from the astlgmatic dlstort$on, only about 75. nercent of the

lfhe idea oOf:: the ultramlcrosoope s 1n 1tself not., connected elther J*
with the size of the particles. or a high magniflcatjon, but is baoed ,
essentially on:the Tact that particles invisible under. ord;nary &lluml—
nation-become viegible under 1llum1natlon against. & dark: background. - Ip:
this manner partlcles up to 0.005 p can be observed which lie below
the resolving limit of the microscope optical system (0.3 to 0.1 u)

and hence the name ultramicroscope.
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pipe cross section. is visible. To balance the error, the simplé gmall
tenk 1 filled with water (fig. 1) was. found most sultable... .
specially prepared celibration scale automatically adjustable in the
center of the pipe (fig. 3) was used to balance the residual error due

to the glass wall on evaluating the measurements so- that the position
of an observed point in. the pipe could be reliably determined. Figure

4 shows a picture of the scale - the pipe and tank are filled with water -
and indicates the usefulness of & simple tank within a wide range. For
Judging the sharpness of the picture,compare also -figures 6 and 7. Only
for observations in the immediate neighborhood of ‘the: wall was a modi- -
fication necessary. - Thus, the astigmetic digtortion at the tips of the
scale could be eliminated by using a fluid in- the tank of higher index of
refraction than water, for exampls, by the addltion of glycerine..~

Other difflculties arise in investigating the layer near the wall in

 the plane parallel to the wall. In this case the arrangement shown in

figure 5 proved useful. . By puttying two glass plates and £illing out the
interspaces witli cedarwood oll, which has the same index of refraction as
glass, the ray path indicated was made possible. :

4. QUALITATIVE OBSERVATIONS

The previously described apparatus was for the purpose of verifylng
thé “observations reported by Fage and Townend on the flow process’'in
the immediate neighborhood of the wall for the condition of turbulence:
name ly,- that the.particles: there do not carry out a rectilinear motion -
in the direction of the pilpe axis as may at first be supposed. According
to- the préeviously mentioned.difficulties.in the accurate puttying of ‘the
windows, a disturbance arising from this Cause might give rige to tle .
transverse motion. Observations in both the square and circuler pipes

- confirm the English results. They were not,however, further evalnated,

gince the inaccuracies and roughnessee of the glass surface for commer-. .

‘¢ial tubes rendered: impossible & truly fine investigation. FlgureQGT and

o

8 show how the glass wall becomes vislble. -

PHOTOGﬂAPHi-Qf '-EI"ICTURES_Q‘_ L

o

Attempts had been made by English 1nvest1gators to photograph the’

pictures visible in the microscope .on photographic plates, -but the small

light intensity was considered to.be: insufficient. The same answer was
given also by experienced microphotographers, and in fact attempts
made with the usual microcameras were a complete fallure. Since the
pidtiré appeared to bBe very bright, however; the attempte were continued .

"in two divections, (l) raising -the light 1ntensity of the arc lam@ by ,
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increasing the current from 6 to 60 amperes,. a method which did not lead -
to the desired object,: (2) dispensing with the magnification of the
pictures before. phatographing.. With ordinary tap water there are thus -
obtained plctures of -a few particularly bright particles. : In order to
obtain pictures. from which. date may be evaluated, small. quantities-dfu
very fine particles were further added to the water for the purpose.

of increasing the number of illuminated particles., Very fine alumlnum
powder appeared mogt sultable; whereas collodial . sclutions, such as used
for making visible the Brownian motion, gave only a m;stl¢ke increase in '
the brightness of the light beam. . L :

Flgure 6 shows a llght beam for an additlon of 0.1g alumlnum powder
per 100 liters of water as used for the measurements, while figure 7 for
comparison shows the results for tap water that remained for 2 daye exe
posed to the -air. The aluminum particles have the advantage over the
natural impurities in that the very small particles which do not give
any sharp images in the motion, but only & general obsourlty, drop out.
Furthermore, the light intensity of the aluminum particles is conaldér-
ably higher than that of the equal size natural particles: .

The additive does not produce difficulties in the case of turbulent
motion since the particles-can be stirred freely and therefore do not
settle. In the case of laminar processes which, on account of the small-
er velocity, give brighter pictures, stirring is not possible because of
the required nondisturbance of the motion. It-is advisable to strew the
enlarged particles on:<the water with a sleve in order to prevent: danglomr
erations. - In nhls Way the brlght thickex nartlcles are prevented from
settling f rst. S : C :

Determinatlons o; tne size of the pavblcles from.the 31nk1ng ve1001ty
and their number per-unit weight gave consistently an order of magnitude
below 10 g.: An estimate of the resistance from their very small sinking -
velocity in water at. rest.gave further, the: rebult that lese.than 0.005
second” 18 required to reach a -state for, which there is the edmissible’
deviation of 1.percent. between the particle velocity and that of the
surrounding water for arbitrary constant acceleration. There is thus prec -
tically obtained in the plate photograph of the path of a particle a very
faithful image of the fluid motion.

VELOCITY MEASUREMENT

The pictures glven in flgure 2 which are obbalned on the’ rotatlng
lens disk do not, even with the abovg descrlbed.means, permit’ being
photographed, . because -such a small tuxbulence field can be obtained clear-
1y -only with at.least: 350. magniflpation. It 18 further necessary, “in order
to obtain a photograph, 'that, the. ray. path qf the arc lamp . be 1nxerrupted
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periodically by a toothed disk whereby sgtrokes of definite length are ob-
tained which permit the dlrect neasurement of" the velocity., A 'motor was
used rotating at n = 2500 rpm and a disk with two sectors (eight sectors
for turbulent processes), the uniformlty of the rotational motion being
controlled stroboscopically with the. ald of a glow lamp controlled by a
tuning Fork. In this way an accuracy of 0.1 percent in aeterm1n1ng thc
time was attalned. . ‘ . . .

In the course of the measurements these plctures were produced by two
different methods: (l) picburee correspondlng to. the mlCTOSCOplC in- .
vestigation, characterized by as high a sharpness of image as atta*nablc
and accurately determined arbitrarily thin Light beam, (2) pilctures over.
the entire cross section except for the 5-percent outermost part at the .
edge. An cbjective of long ‘focus wag used. for illimination; th&. width of
the sllt wae up to- about U percent of the diemetert. The second: method. is
more’ convenient in. the test and in general also more. product;ve of results.

,AP_l?Z_(g_ICAT;I:QI\! OF TEE METHOD o TEE LAMIl\TAB FLOW AT A PIPE INLET

gy was of particular 1nterest to measure the gradual tran51t1on from
the . almost rectangular velocity digtribution at the inlet mp to the
Poiseuille parabola, gince the. only available data were those of Nikuradse,
(referéncé 2) and ome, of ‘the. ‘authore .of the present, paper has also given
a méthod for the approximqte com@utatlon of . the prOlePS in a cilrcular pipe
(referance 3\ s e enn . :

‘There were Firét conbined ‘the velocity profiles of & leminar flow’
near the inlet frcm Pplctures which extended only over.a part of the croes
section’ (fig. 8). It vag folmd that .the points of & partial nhotograph
generally” agreed well with orie another “Put in spjte of equal test con-
ditjons could fot alwayé be comb*ned to give,a unique velocity distribu-
tion. "Even ‘for small Reynolds numbers (Re = ur/v betwsen 300 and hOO),
it was ‘gslgo fcund further that on' g plate a’ small veloclty was recorded

‘between o larger VBlocities.. The deviatiQnSgcould not lie within ‘the

“range of ‘observation error and’ there ‘rémained ‘only the posslbllity that

fluctuations occurred in the velocity distributions which are so slow
that the laminavr character of ‘the Flows | namely, the parallelnsss of the
paths) : is only slightly digturbed. | - , : -

1This may at first glance appear as 1nadm1ssibly large. Since, hCMﬁ
ever, the thickness of the layer only enters to the second order as an
inaccuracy in the determination.of the point.ef-a field with axial
symetry there is obtained i1 the nsighborhood of the wall, where the
velocity gradient is eteep, an error of only 0.16 percent.

PAEE LT A e T
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The above_mentloned photographs over the entlre cross section were
therefore taken (fig. 9). These could be arranged into three groups:
(1) sufficiently regular formation of the velocity profile, (2) formation
of the velocity profile on one side, (3) strong scatter about a mean
position. Those under (1) and (3) and the previous partial photographs
may evidently be reduced to the phenomenon given under (). The velocity
profile oscillates about a mean position. The profiles show the charac-
teristic property that the mean instantaneous value of the velocity u
over the cross section does not vary in spite of the fluctuation. This "
congtancy was recognizable at the outlet diaphragm, used as a throttle,
with connected free stream, which ls an extremely sensitive indicator for
the finest fluctuations. A light blowing on the water surface, for eX~
ample, is sufficient to change its glassy clear sppearance. A graphical
evaluation of the curves of figure 9 8leo gives the same flow quantity
with the restriction that with unsymmetry through the slot the velocity
profiile cannot be considered as entirely two- dlmenSJOnal, the difference
amounting to 0.3 percent. .

In observation by eye some of these fluctuations are subjected %o
an averaging process but the characteristice of the fluctuations esgen-
tially remain, as is seen in figure 10, in which the individual measure-
ments of two profxles are plotted, the two halves being placed next to
each other. Near the center of the radius at the loft is a point about
which the profile seems to 0501llate. The right profile has a 8table
core with constant velocity, but the transition.to the velocity zero at.
the wall shows strong scatter. and indicates great lack of stability.
The core appears 0 osclllate radially in the pipe as may be concluded
from the observatlons of Naumann with colored streamers. (See referencef&).

The gquasi- statlonary state is obtalned by the averag:ng of rel&tlvely
few values with sufficient’ accuracy, filgure 1l; figure 12 shows the pro-
files. For comparison, the meagurements. of Nikuradse ave also plotted
on the figure. The commercial gless pipe used for these neasurements
permits, however, the p0351bility of systematic errors, since its pross-;
sectional area fluctuated by about 4 percent. The separabe points were
obtained by verying the measurlng station x and the mean flow VelOCLty U

In order to- find to what extent the observed fluctuatlons depend Qn ‘
the inaccuracies of the pipe and on the .mounting base,which was not free
from vibrations, it was proposed to. build a new test setup on a f:xed
bage and using a Jéna KR pipe.» : . :

TURBULENCE PHOTOGRAPHS

For the further testing with the object of photographing turbulent
processes there was used the above-mentioned precision pipe of 20.5-
millimeter diameter. Unfortunately, the accuracy of the diameter (0.2
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percent) was gained at the expense of optical disadvantages, since the

. inner surface, by the drawing process, is rendered-insufficiently -smooth -

the sharpness of the regions near the rim suffering in particular.

For turbulence investigations, for the purpose of statistical evalu-
ation, many photographs are required. ZFor this reagon, the microscope
objective with the plate photography used thus far were discarded. By
using a Leica (Summar 1:2) and additional epparatus with mat diske for
pictures in the scale 1:1 the test setup could be made more sensitive and
flexible. PFigures 13 and 14 show the pictures taken, but do not give the
details of the negative. Of interest in many pictures is their almost
leminar appearance without any appreciable change in the type of flow and
the simultaneocusly observed outflow parabola of the free Jet. It is there-
fore here a question of a partial turbulence of a state and not of the
occurrence of the so-called intermittent turbulence.

By varyling the cut-off time, which for sufficient addition of par-
ticles can be made sufficiently esmall - the interruption of the 1llumina-
tion for measuring the veloclty muet naturally be made comsiderably short-
oY - the frequencies may be estimated and the development of velocity filelds
determined.

Translation by S. Reiss,
National Advisory Committee
for Aeronautics.
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a, arc lamp
b, condenser _ gZ%x . . ' . B
¢, cylinder lens : -
e, illuminating ob- . _
,jective . =0 . LU c=u (3372
f, pipe . 7 /;7”5%%’ f w g A
g, microscope :
h, rotating lens i
%:;i T TR ll =0 ceun”, o= c=uru"
'l c, equalizing velocity of the
g lens disk

u, particle velocity (time-
averaged value at a definite
point)

uX, disturbance velocity of the
boe a e turbulence motion

Figure 1.- Test set-up for the »

observation of flow Figure 2.- Observed flow pic-
processes in a pipe with the tures with rotat-
aid of the ultramicroscope. ing lene disk.

| A )
=il

Figure 3.- Scale for

calibrat-
ing the optical
gystem. _
cover glas. b oot
’ objective
glass: plate J, .
% # v [
Z AW % gming jon can
&Z>5a-cedar wood oil
A put
XOP

Figure 5.- Arrangement for

investigating the
flow in the neighborhood of
the wall.
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Figure 4.~ Calibrating scals Figure 6.-~ Aluminum powder

in pipe. The water- in water under
filled tank annuls the distor- dark field illumination.
tion of the picture except for Exposure time 1/20 seconds.
small errors at the edge.

Figure 7.- Light beam through  Figure 8.~ Partial photo-
water remaining graph of

stagnant for two days. laminar flow in the

Exposure time 1/4 seconds. nelghborhood of the wall,

Figure 13.- Turbulent flow

Re = 2190, sharp Re = 2190, sharp
edged inlet. Added particles edged inlet. Added particles
108 the volume of water, 10-6 the volume of water,
illumination 50 A, exposure illumination 50 A, exposure
time 1/4 seconds. Space be- time 1/8 seconds. Space be-

tween strokes corresponds to - tween strokes corresponds to
a time of 1/200 seconds. a time of 1/200 seconds.
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Figs. 9,10,11,12
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Figure 9.~ Scatter of

the veloc~

Figure 10.~ Scatter of the velocity

profile in the inlet

ity profile at the section,
inlet. Laminar veloc- =
ity prcfiles photo-
graphically obtained 29 ——————w
under equal test ?
conditions. 7 2 kid
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Figure 11.- Velocity profile *[\ e ¥
in inlet region. = —
Arrows denote Poiseuille 4
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Figure 123.- Gomparlson with
.~ other investi-
gation results.
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